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Expression of the K channel Kir7.1 in the developing rat It is well established that the kidneys of newborn hu-
kidney: Role in K excretion. mans and animals excrete potassium at a low rate under
Background. Coordinated expression of ROMK (luminal basal conditions and maintain a state of positive potas-K channel in the thick ascending limb and the collecting duct)
sium balance for growth [1–6]. Yet, a very recent studyand Na,K-ATPase has been demonstrated to be involved
showed that newborn rats 10- to 14-days-old are ablein the postnatal development of renal K excretion; however,
the developmental expression of the basolateral K channel to excrete an orally administered potassium (KCl) load
Kir7.1 is unknown. The purpose of this study was to elucidate within six hours [1], indicating that tubular potassium
the possible involvement of Kir7.1 in the maturation of renal secretion system may function after the second week ofK excretion.
life. An early micropuncture study in adult rats demon-Methods. Developmental changes in the renal K excretion
strated that urinary potassium excretion is largely depen-under the condition of K overload was investigated by collect-
ing urine from neonatal rats infused with K (KCl solution). dent on potassium secretion along the distal segments
RNase protection analysis was used to elucidate the expression of the nephron [7]. Potassium secretion in the cortical
of Kir7.1 and Na,K-ATPase mRNA in pre- and postnatal
collecting duct (CCD) cells requires the active transportrats, and the expression of Kir7.1 and ROMK mRNA at 7, 14,
of two potassium ions into the principal cells in exchangeand 21 days. Western blotting of Kir7.1, and immunohisto-
chemistry of Kir7.1 and ROMK were used to determine their for three sodium ions at the basolateral membrane by
protein expression. Na,K-ATPase and the passive transport through lumi-
Results. The ratio of urinary K excretion to K load increased nal potassium channels [2, 8]. This cell model predicts
between 7 and 14 days after birth. In addition, half excretion
that potassium secretion in the CCD is influenced bytime of K load gradually decreased through the experimental
luminal and basolateral factors such as distal sodiumperiod of 7 and 21 days. Na,K-ATPase mRNA levels showed
a peak of up-regulation at birth that remained elevated. delivery, tubular flow rate, potassium concentrations on
ROMK1 mRNA levels significantly increased between 7 and both sides and the transepithelial potential difference as
14 days. On the other hand, Kir7.1 mRNA and protein levels well as by numbers and activity of Na,K-ATPase andsignificantly increased between 14 and 21 days. Kir7.1 protein
K channels.in the thick ascending limb was first recognized at 7 days,
The developmental changes in renal potassium excre-whereas its expression in the distal convoluted tubule and the
cortical collecting duct was found in 21-day-old neonates. tion have been studied extensively using clearance meth-
Conclusion. Our results suggest that Kir7.1 is involved in odology [3–6], micropuncture and electrophysiological
the development of renal K excretion between 14 and 21 days studies [7], and molecular techniques. These results sug-after birth under the condition of K overload.
gest that an increase in the number of ROMK (luminal
potassium channel) is essential for the postnatal matura-
tion of renal potassium excretion. The mean number of
open channels and mean number of channels per patch
are low, but evident in cell-attached patches of the apical
membrane of principal cells isolated from 1- to 3-week-
Key words: inward rectifier K channel, renal K excretion, Na,K-
old rabbits [9]. In contrast, there is little evidence thatATPase, neonatal kidney, potassium channel, urinary potassium, corti-
cal collecting duct. the basolateral potassium channels contribute to the renal
potassium excretion, although they may be a major routeReceived for publication February 6, 2002
for potassium secretion in the kidney collecting duct afterand in revised form September 21, 2002
Accepted for publication October 10, 2002 stimulation by aldosterone [10]. We have shown that
Kir7.1, which has been cloned from brain [11, 12] and 2003 by the International Society of Nephrology
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intestine [13], and is co-localized with Na,K-ATPase from the linearized plasmids containing C-terminal por-
tion of the rat Kir7.1 (477 bp) and Na,K-ATPase 1[14], is strongly expressed in the basolateral membrane
of the distal nephron and the collecting duct [15]. In subunit using T3/T7 polymerase in the presence of 32P-
rUTP. To divide the ROMK1 specific signal from otheraddition, its mRNA level was dependent on the plasma
potassium concentration [15]. Thus, it can be hypothe- splice isoforms, the probe was constructed at N-termi-
nal region, which contained both ROMK1 specific exonsized that changes in the expression of basolateral potas-
sium channel (Kir7.1) after birth may play a critical role (exon R1)and commoncore exon. ROMK1 signal was de-
tected as a 437-bp band, because the RNA probe was pro-in the development of renal potassium excretion.
In the present study, we examined (1) when basolat- tected completely. Fragment for other isoforms (ROMK2
through -6) was seen as a much shorter band (253 bp).eral K channel (Kir7.1) and Na,K-ATPase are first
detected in pre- and postnatal rat kidney, (2) whether As an internal control, -actin mRNA expression was
examined, but -actin mRNA significantly decreased be-expression of these transporters increase in parallel dur-
ing the kidney maturation, (3) the urinary response of tween 14 and 21 days after birth (P  0.01, N  6; Fig.
3A). The quantifications of Kir7.1, ROMK1 and Na,newborn rats to an oral application of high amount of
potassium (KCl), and (4) whether there are coincidental K-ATPase were done on the ratio against ROMK2-6
mRNA, because ROMK2-6 mRNA expression was un-changes in abundance of renal potassium channels
(ROMK and Kir7.1) and Na,K-ATPase in the kidney changed through the period of 7 to 21 days. Total RNA
(20 g) was hybridized with the antisense RNA probesof newborn rats. Moreover, we analyzed the relationship
between potassium excretion rates and ages, which prob- (1  105 cpm) at 4C overnight. After RNase digestion,
the samples were electrophoresed, exposed to an im-ably reflect the development of molecular machineries
related to tubular potassium secretion in response to the aging plate, and visualized by BAS2000 (Fuji Film,
Tokyo, Japan).potassium overload.
Western blotting
METHODS
Western blotting was carried out as described pre-
Materials viously [14]. Neonatal rat kidney (7, 14, and 21 days old)
were homogenized in Laemmli’s sample buffer, separatedAlpha-32P rUTP was from Amersham Pharmacia Bio-
tech (Tokyo, Japan), the in vitro transcription kit was by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and transferred to a membrane.from Roche (Montclair, NJ, USA), the RNase protection
assay kit was from Ambion (Austin, TX, USA), and the After blocking with 5% nonfat milk, the membrane was
incubated with anti-Kir7.1 antiserum (1:1000). The speci-anti-ROMK antibody was from Alomone Labs (Jerusa-
lem, Israel). ficity of the antiserum was shown in the previous paper
(antiserum against recombinant Kir7.1 in [14]). The
Renal response to exogenous K overloading channel-antibody complexes were visualized using alka-
line phosphatase-conjugated secondary antibody (Sigma)All experiments were performed according to “Guid-
ing Principles of Animal Experiments in Kitasato Uni- with substrates for alkaline phosphatase. The quantifica-
tion was done by NIH Image version 1.62 (Bethesda,versity School of Medicine (1998).”
To investigate the renal response to exogenous K over- MD, USA).
loading, in vivo analyses were carried out as described
Immunohistochemistrypreviously [1] with some modifications. KCl (4 mol/g
body wt) was orally supplemented to the neonatal rats Immunohistochemistry was carried out using anti-
recombinant Kir7.1 antibody [14] or anti-ROMK anti-(7, 14 and 21 days after birth, N  5) after removal from
their mother (time 0 hour). Five percent of the glucose body. Neonatal rats (7 and 21 days after birth) were anes-
thetized with pentobarbital, and the kidney was perfusedsolution was infused at time two and four hours, which
was the time for urine collection. The urine flow was by 2% paraformaldehyde solution. Frozen sections (5m)
of the kidney (cortex and outer medulla) were treatedintended to be constant during the experiments. To elim-
inate the effect of K adaptation, we used new rats that with anti-Kir7.1 antibody (1:1000) or anti-ROMK anti-
body (1:500). Specific signals were visualized by Cy3-had not been artificially loaded before with K.
conjugated anti-rabbit IgG.
RNase protection analysis
Statistical analysisTotal RNA was prepared from the neonatal kidney
by guanidium thiocyanate phenol chloroform method. Statistical analysis was performed using the Student
t test (N  5, in vivo experiments; N  6, mRNA andTo determine the changes in the Kir7.1 mRNA expres-
sion, RNase protection analysis was carried out as de- protein analysis). The results with P  0.05 were consid-
ered to be statistically significant.scribed previously [15, 16]. RNA probes were generated
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Fig. 1. Renal excretion against exogenous K
overloading. Time-dependent changes in the
renal potassium (A ) and sodium (B ) excre-
tion, and urine flow (C ) in the neonatal rats
at 7 (), 14 (), and 21 () days. (D ) The
total amount of K excretion for 4 hours after
K load. The average of K excretion were
0.5 	 0.06 (7 days), 1.0 	 0.05 (14 days), and
1.0 	 0.03 (21 days) mol/h/g body wt. K
excretion amount significantly increased be-
tween 7 and 14 days after birth. (E ) The half
time of excretion of loaded K. This column
represents the K excretion rate. The half ex-
cretion time was significantly decreased be-
tween 7 and 14, and between 14 and 21 days
after birth (*P  0.05).
RESULTS (7 days), 92 	 3.4 (14 days), and 109 	 7.6 (21 days).
Moreover, we found that the half excretion time of theThe response of newborn rats to an oral K overload
K load became shorter with increasing age (Fig. 1E).(4mol/g body wt) is shown in Figure 1. Renal potassium
Thus, the response of newborn rats to the potassiumexcretion was low at time 0 (before K loading) and
load apparently developed between 7 and 14 days, andincreased transiently in response to the K load. The
remained unchanged over 14 and 21 days; however, renalinitial rate of potassium excretion between time 0 and
K excretion ability in response to a K overload maytwo hours was higher in the older rats (Fig. 1A). Peak
further increase between 14 and 21 days. In contrast,values of potassium excretion were 0.5 (7 days), 1.0 (14
renal sodium excretion rate and urine flow were notdays), and 1.2 mol/h/g body wt (21 days). Total amount
significantly changed either between ages or through theof renal potassium excretion within four hours was sig-
period of six hours after the potassium load (Fig. 1 B, C).nificantly (P  0.05) higher in the older rats (14 and 21
An unexpected variation in the flow rate may not affectdays) than in the youngest (Fig. 1D). The ratio (%)
between urinary K excretion and K load was 46 	 1.9 urinary potassium excretion.
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Fig. 2. Developmental changes of Kir7.1 and Na,K-ATPase mRNAs
in fetal and neonatal rat kidney. Kir7.1 and Na,K-ATPase 1 subunit
mRNAs were measured by RNase protection analysis. Kir7.1 and
Na,K-ATPase mRNA abundance increased during the experimental
period. G and P are the mean number of days after gestation and after
birth (postnatal), respectively.
Kir7.1 and Na,K-ATPase mRNA levels in fetus and
early neonates
RNase protection analysis clearly showed that Kir7.1
mRNA in kidneys of fetal rats was first detected at G21
(one day before birth; Fig. 2). Na,K-ATPase mRNA
levels were increased as early as G17 and remained ele-
vated throughout the experimental period.
Kir7.1 and ROMK mRNA levels in neonatal rat kidney
Kir7.1 and ROMK mRNAs were detected by RNase
protection analysis throughout the experimental period
of 7 to 21 days (Fig. 3A). Kir7.1 and ROMK1 mRNA
levels increased in the developing kidneys, whereas
ROMK2-6 mRNA levels remain elevated through the
same period. The quantification of ROMK1 bands shows
that ROMK1 mRNA levels dramatically increased sig-
Fig. 3. Developmental increase in Kir7.1 and ROMK mRNA expres-nificantly (P 0.01) between 7 and 14 days. This slightly
sion. Messenger RNA expression of Kir7.1, ROMK1, the sum of otherincreased between 14 and 21 days (Fig. 3B), but the
ROMK isoforms (ROMK2-6), Na,K-ATPase and -actin were mea-
change of mean value was quite less than that found sured by RNase protection analysis. (A ) This is a representative result
from three independent experiments. Whereas ROMK2-6 mRNA wasbetween 7 and 14 days. In contrast, Kir7.1 mRNA levels
relatively constant during postnatal life, Kir7.1 and ROMK1 mRNAsincreased significantly (P 0.01) between 14 and 21 days
abundance increased. (B ) ROMK1 mRNA increased significantly be-
(Fig. 3C). In Fig. 3D, although the mean value of the tween 7 and 14 days. (C ) Kir7.1 mRNA increased significantly between
14 and 21 days. Note the difference in the time-course of mRNA expressionNa,K-ATPase mRNA gradually increased through
between the two (*P  0.01). (D) Na,K-ATPase mRNA expression.the experimental period, there were no significant changes
between 7 and 14, and between 14 and 21 days after
birth (P 
 0.05). but also the basolateral membrane of the distal convo-
luted tubule (DCT) and the cortical collecting ductKir7.1 protein levels
(CCD). In contrast, ROMK signals were mainly seen in
Figure 4 shows an immunoblot of Kir7.1. The signals TAL through the experimental period because ROMK
(54 kD) of anti-Kir7.1 did not change between 7 and 14 antibody may react to all ROMK isoforms.
days, but significantly increased between 14 and 21 days
(P  0.01).
DISCUSSION
Immunohistochemistry of Kir7.1 and ROMK The present study clearly demonstrates a postnatal
In Figure 5, Kir7.1 signals were mainly present in the increase in expression of Kir7.1 mRNA and protein in
basolateral membrane of the cortical and medullary por- the rat kidney between 14 and 21 days (Figs. 3 and 4).
tion of the thick ascending limb of Henle’s loop (TAL) The time course of Kir7.1 expression is similar to that
in both 7 and 21 days after birth (Fig. 5 a, c). However, of ROMK1 in the present study (Fig. 3) and in the rabbit
CCD [17], although it is different in detail. ROMK1 inat 21 days, dense Kir7.1 signals were seen not only TAL,
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copy showed that Kir7.1 was present in the basolateral
membrane of distal nephron and principal cell of cortical
collecting duct [15]. In addition, the reverse transcrip-
tion-polymerase chain reaction (RT-PCR) technique in-
dicated that Kir7.1 mRNA was highly expressed in proxi-
mal tubule and thick ascending limb of Henle’s loop [22].
Since these segments are known to have strong Na,K-
ATPase activity [23], there may be a functional coupling
between Na,K-ATPase and Kir7.1 in the kidney.
In rat kidney, Na,K-ATPase mRNA was strongly
induced just before birth (Fig. 2). Glucocorticoid is
known to increase immediately before birth to adapt to
the fetus-neonate transition [24]. This hormone surge is
thought to trigger renal Na,K-ATPase expression and
result in a rapid maturation of Na reabsorption [25].
Since K secretion was absent in the early neonate rabbit
cortical collecting duct [26], Na,K-ATPase may con-Fig. 4. Developmental increase in Kir7.1 protein expression. (A ) This
is a representative result of Western blotting. Membranes were incu- tribute to Na reabsorption rather than Na transport
bated with the antibody against C-terminal region of Kir7.1 or the functionally coupled with K secretion. Kir7.1 expres-antibody against actin. Arrows indicate the band of Kir7.1 (54 kD) and
sion began around 21 days after gestation, one day beforeactin (42 kD). (B ) Kir7.1 protein level increased between 14 and 21
days (*P  0.01). birth (Fig. 2). In addition, immunohistochemical study
revealed that Kir7.1 protein was present mainly in the
cortical and medullary portion of the TAL at seven days
rat kidney increased between 7 and 14 days after birth. of life (Fig. 5). This suggests that Kir7.1 is functionally
Whereas ROMK1 remained elevated, Kir7.1 increased coupled with Na,K-ATPase for the basolateral K
between 14 and 21 days. This difference in the develop- recycling in TAL from an early neonatal stage.
mental expression may be critically important because ROMK1 mRNA expression in neonatal rat kidney
renal potassium excretion (cumulative amount of urinary had a strong correlation with maturation of urinary K
potassium excretion within 4 hours after the potassium excretion (that is, the amount of K excretion; Figs. 1D
load) increased in the second week of postnatal life and and 3B). ROMK1 is one of the splice variants of the
remained constant between 14 and 21 days. On the other ROMK gene and is localized in the apical membrane of
hand, the half excretion time of the potassium load be- the CCD [27–29]. ROMK1 is a candidate of K secreting
came significantly shorter with increasing age (Fig. 1E) pathway of CCD principal cells. However, there are few
or the initial rate of potassium excretion was greater in reports of ROMK1 mRNA-specific signal separated
the older rats (Fig. 1A). The shorter half excretion time from other isoforms. By using a ROMK1-specific probe,
indicates a more effective potassium secretion by kidney we found that ROMK1 mRNA abundance correlated
tubular cells. The development of renal K excretion in with the development of urinary K excretion. These re-
the late neonatal period may be important especially sults confirm the hypothesis that ROMK1 is a major route
under the condition of K overload. for K secreting pathway of regulatory K excretion. On
Previous studies indicated that Kir7.1 was localized in the other hand, Kir7.1 expression increased significantly
the basolateral membrane of small intestinal epithelial between days 14 and 21 (Figs. 3C and 4B). This time course
cells [13, 14], thyroid follicular cells [14], and pancreatic was not exactly correlated with the pattern of the renal
acinar cells [18], and in the apical membrane of choroid K excretion, suggesting that Kir7.1 is not a K excretion
plexus epithelial cells [14] and retinal pigment epithelial pathway itself. More importantly, Kir7.1 significantly in-
cells (RPE cell) [19, 20]. In all these cases, Kir7.1 co- creased during the second week of postnatal life, during
localizes with Na,K-ATPase. In thyroid follicular cells, which time ROMK1 expression level did not change to
TSH stimulates Kir7.1 expression via cAMP elevation, a relative degree (Fig. 3B). During this period, the amount
suggesting that Kir7.1 is involved in the thyroid function of urinary K excretion was not changed (Fig. 1D), but
by providing a driving force for I transport [21]. In reti- the K excretion rate significantly increased (Fig. 1E).
nal pigment epithelial (RPE) cells, Kir7.1 and Na,K- Thus, we suggest that Kir7.1 is involved in the develop-
ATPase were present in the root-bottom portions of the ment of K excretion by contributing to the increase of
apical processes, though Kir4.1 was localized only in the the K excretion rate under K overloaded states. How
middle-distal portions of apical processes [19]. These does K channel contribute to the K excretion rate
results strongly suggest that there is a functional coupling except for the K excretion pathway itself? One possibil-
ity is the generation of a transepithelial potential differ-of Kir7.1 and Na,K-ATPase. In kidney, electron micros-
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Fig. 5. Immunohistochemistry of Kir7.1 and ROMK in the developing rat kidney. Neonatal rat kidney sections were taken at 7 (a and b) and 21
days (c and d) after birth. Kir7.1 (a and c) and ROMK (b and d) antibodies are shown. Bars indicate 100 m. The lowest panels show the results
of higher magnification of the areas correlating to the numbers in panels c and d. Abbreviations are: P, proximal tubule; D, distal convoluted
tubule; G, glomerulus; C, cortical collecting duct; T, thick ascending limb of Henle’s loop.
ence for Na reabsorption. In general, the inwardly recti- excretion. Another possibility is a basolateral K en-
trance pathway. In hypermineralocorticoid states offying K channel has a role in setting negative membrane
potential. Deep negative potential of basolateral mem- adult rabbits [10], K is thought to enter the cells through
the basolateral K channels as well as Na,K-ATPase,brane derived from Kir7.1 expression can make the
transepithelial potential difference, which provides the resulting in increased K secretion. However, currently
there is no experimental evidence that the basolateralelectrical driving force for Na reabsorption from the
lumen and results in lumen-negative potential. The lu- membrane potential is deeper than the equilibrium po-
tential of K (Ek) in neonatal rat kidney tubules.men-negative potential provides a driving force for K
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9. Satlin LM, Palmer LG: Apical K conductance in maturing rabbitElectrophysiological studies revealed three types of
principal cell. Am J Physiol 272:F397–F404, 1997
ATP-insensitive K channel in the basolateral membrane 10. Koeppen BM, Biagi BA, Giebisch G: Intracellular microelectrode
of CCD: low conductance (27 to 30 pS) inwardly rectify- characterization of the rabbit cortical collecting duct. Am J Physiol
244:F35–F47, 1983ing K channel, 67 pS linear K channel, and intermedi-
11. Krapivinsky G, Medina I, Eng L, et al: A novel inward rectifierate (50 to 90 pS) hyperpolarization-activated K channel K channel with unique pore properties. Neuron 20:995–1005, 1998
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